Background: Although the basal ganglia are thought to play a key role in action selection in mammals, it is unknown whether this mammalian circuitry is present in lower vertebrates as a conserved selection mechanism. We aim here, using lamprey, to elucidate the basal ganglia circuitry in the phylogenetically oldest group of vertebrates (cyclostomes) and determine how this selection architecture evolved to accommodate the increased behavioral repertoires of advanced vertebrates. Results: We show, using immunohistochemistry, tract tracing, and whole-cell recordings, that all parts of the mammalian basal ganglia (striatum, globus pallidus interna [GPi] and externa [GPe], and subthalamic nucleus [STN]) are present in the lamprey forebrain. In addition, the circuit features, molecular markers, and physiological activity patterns are conserved. Thus, GABAergic striatal neurons expressing substance P project directly to the pallidal output layer, whereas enkephalin-expressing striatal neurons project indirectly via nuclei homologous to the GPe and STN. Moreover, pallidal output neurons tonically inhibit tectum, mesencephalic, and diencephalic motor regions. Conclusions: These results show that the detailed basal ganglia circuitry is present in the phylogenetically oldest vertebrates and has been conserved, most likely as a mechanism for action selection used by all vertebrates, for over 560 million years. Our data also suggest that the mammalian basal ganglia evolved through a process of exaptation, where the ancestral core unit has been co-opted for multiple functions, allowing them to process cognitive, emotional, and motor information in parallel and control a broader range of behaviors.
Introduction
All animals must select actions to achieve their goals, but despite the common need, it is unclear whether animals employ common neural mechanisms for this function. In mammals, where action selection is well studied, a group of subcortical nuclei, the basal ganglia, are thought to play a pivotal role in this process by fulfilling a dual role in selection [1] [2] [3] [4] . Direct striatal projections to the basal ganglia output nuclei (globus pallidus interna [GPi] and substantia nigra pars reticulata [SNr] ) disinhibit various motor areas and thereby select actions. In contrast, indirect projections to these areas via intrinsic basal ganglia nuclei (globus pallidus externa [GPe] and subthalamic nucleus [STN] ) serve to suppress actions by exciting the output nuclei and increasing the inhibition on the motor areas. Both pathways act together to select an action by disinhibiting a selected motor program and inhibiting other competing actions.
Elements of this arrangement may represent a conserved mechanism for action selection because at least the input layer of this circuitry, the striatum, has been identified in all classes of vertebrates [5] [6] [7] . In contrast, it is unclear whether dedicated output (pallidal) structures are part of a conserved circuitry for selection, because they have not been identified in jawless vertebrates [5] . Developmental studies have even suggested that the pallidum is unlikely to exist in lamprey (a jawless vertebrate), because genes that are important for the development of the pallidum (Nkx2.1, shh) were not expressed in the embryonic ventral subpallium [8] [9] [10] . These studies, however, are inconclusive because they were performed at a developmental stage at which the forebrain GABAergic neurons, including potential pallidal neurons, were not yet present [11] [12] [13] [14] [15] . An even more recent evolutionary addition to the basal ganglia circuitry may have been the ''indirect'' pathway, as a mechanism for suppressing actions. Components of this pathway including the STN and the GPe have only been conclusively identified in advanced vertebrates, namely, avian and mammalian species [16] [17] [18] [19] [20] .
Consequently, it is unclear whether lower vertebrates utilize a potentially simpler neural organization for selection, or whether features of the mammalian basal ganglia, such as the indirect pathway, are present in all vertebrates as essential components of a common circuitry for selection. Our aim was to use lamprey, which has a well-described motor system and a limited behavioral repertoire and occupies a key position in phylogeny, with their ancestors having diverged from the main vertebrate lineage at the dawn of vertebrate evolution approximately 560 million years ago (Mya) [21] , to identify the basic circuitry for action selection and determine how this evolved to accommodate the increased behavioral repertoires of advanced vertebrates.
Using anatomical and electrophysiological techniques, we show that a sequential theory for the evolution of the basal ganglia in vertebrates is likely to be wrong because all major components of the basal ganglia, including homologs of the mammalian GPi, GPe, and STN, together with direct and indirect pathways, are present in lamprey. Our results suggest that this architecture represented evolution's blueprint for the vertebrate basal ganglia and may form the basis of action selection in all vertebrates. In addition, our results suggest that the mammalian basal ganglia evolved through a functional replication of these circuits, instead of a sequential adaptation, of this ancestral architecture.
Results

Anatomical and Electrophysiological Evidence for a Lamprey Pallidum
As the first step in elucidating whether dedicated output nuclei (pallidum) are a feature of the jawless vertebrate basal ganglia, we explored whether a putative pallidal area ventrolateral to eminentia thalami ( Figure 1A) , which contains GABAergic neurons that project to the tectum and other motor areas [13] [14] [15] , might be a homolog of the avian and mammalian GPi and GPe. In mammalian species, the GPi and GPe contain GABAergic projection neurons that express the calciumbinding protein parvalbumin and receive input from both substance P-and enkephalin-expressing striatal medium spiny neurons [22] .
Injections of neurobiotin, ventrolateral to the eminentia thalami, resulted in retrogradely labeled cells in the striatum (Figures 1B and 1C ; n = 6), both within and surrounding the neuronally dense striatal band ( Figure 1C) . The complementary experiment with a tracer injected into the striatum (Figure 1D ; n = 6) showed that striatal fibers project to this area, ventrolateral to the eminentia thalami, but do not pass further dorsally ( Figure 1E ). These fibers were small with varicosities, characteristic of fibers with synaptic contacts. Cells ventrolateral to the eminentia thalami expressed GABA and parvalbumin ( Figure 1F , n = 5; Figure 1G , n = 4). Processes containing enkephalin and substance P, respectively, were also observed in this ventrolateral location and, as with the striatal fibers, few of these continued dorsally to innervate the area lateral to the eminentia thalami ( Figure 1H , n = 9; Figure 1I , n = 9). Previous experiments have shown that this region contains GABAergic projection neurons that innervate brainstem motor regions, including the optic tectum, mesencephalic, and diencephalic locomotor regions [13] [14] [15] . We conclude that this area receives projections from striatum and expresses the same molecular markers as the mammalian GPe/GPi.
In mammalian species, these GABAergic pallidal projection neurons have been shown to tonically inhibit motor areas as a result of their high level of spontaneous activity. If the lamprey pallidal neurons have a similar physiological role, they should also be tonically active at rest. Spontaneous firing was observed in most (n = 18/29) of the neurons recorded with the loose-patch configuration, for up to 20 min. In loose-patch recordings, these neurons fired with instantaneous firing frequencies ranging between 1 and 25 Hz, with a mean around 4 Hz. In whole-cell recordings, firing frequencies were lower, ranging from 1 to 12 Hz (n = 8/13). These firing frequencies are lower than those of mammalian pallidal neurons in vitro and may reflect the lower temperatures at which our recordings were made (6 C versus 37 C). To test whether these tonically active neurons were projection neurons, we recorded from pallidal neurons that were retrogradely labeled from the optic tectum (n = 19). Approximately 70% of these retrogradely labeled cells were spontaneously active (13 out of 19) , suggesting that the pallidum may tonically inhibit areas of the brain that it projects to. Retrogradely labeled cells in the areas surrounding the putative pallidum, either caudally in the thalamus or rostrally in the medial pallium, did not display any spontaneous activity (data not shown).
If the lamprey pallidal neurons tonically inhibit motor regions at rest, as they do in other species, then the activity of these neurons should not rely on synaptic input. Indeed, the spontaneous activity was not significantly altered by blocking the glutamatergic or GABAergic synaptic input with CNQX 40 mM and AP-5 50-200 mM (n = 10; Figures 1J and 1K ) or picrotoxin (50 mM; n = 5). The tonic activity thus appears to be an inherent property and suggests that these pallidal neurons could inhibit motor regions in the absence of synaptic input. Application of muscimol (5 mM, n = 4), a GABA A agonist, blocked all spontaneous activity in 3 out of 4 neurons and was strongly reduced in the remaining case ( Figure 1M ; mean frequency 3.82 6 2.65 Hz before; 0.13 6 0.22 Hz in muscimol; and 2.92 6 2.30 Hz after washout). This suggests that GABAergic input from the striatum could potentially silence these neurons and thereby disinhibit the motor areas.
Everything taken together, this area, ventrolateral to eminentia thalami, appears to be homologous to the avian and mammalian GPi and GPe based on the input from striatum, the presence of substance P and enkephalin immunoreactive fibers, expression of GABA and parvalbumin, and the electrophysiological properties of its projection neurons (see also Discussion). We will therefore refer to this area as the lamprey pallidum (GPi and GPe) and the neurons located within this area as pallidal neurons for the remainder of this manuscript.
Connectivity of the Putative Pallidum
Tonically active GABAergic neurons of the pallidum, in other species, inhibit motor programs by projecting to critical motor areas in the brainstem or via the thalamus to the cortex. In order to explore which areas might influence and be influenced by the tonic inhibitory output of the lamprey pallidum, we examined its connectivity. A bidirectional tracer, neurobiotin, was injected in the pallidum ( Figure 2A [red]; Figure 2B , n = 6). This resulted in retrogradely labeled cells in the striatum (Figure 2C ; depicted as red dots in Figure 2A ) but also in cells in a subthalamic region ( Figure 2D ). A few cells were also observed in the dorsomedial lateral pallium and in the dorsal thalamus ( Figure 2A ). These latter populations were labeled after injections lateral to the eminentia thalami (blue in Figure 2A ), but no labeling was observed in either the striatum or the subthalamic region, giving further support that the projections from the striatum and the subthalamic region may terminate ventrolateral to the eminentia thalami but that the other populations may have been labeled from fibers of passage.
Anterogradely labeled fibers from the injections in the pallidum (red in Figure 2A ) were observed in an area that has physiologically been described as the diencephalic locomotor region (DLR) [23] and in the subthalamic region in the same area as the retrogradely labeled neurons were observed (Figure 2D ). More caudally, fibers were present in the pretectum and the deeper and intermediate layers of the optic tectum ( Figure 2E ). In the mesencephalon, fibers were observed in the torus semicircularis, isthmic region, and ventrolateral mesencephalon ( . Fibers also innervated the ventral mesencephalon in both the mesencephalic locomotor region (MLR) [13] and an area lateral to the MLR that contains cholinergic neurons that project to the optic tectum [15, 24, 25] , which may potentially represent the pedunculopontine nucleus ( Figure 2F ). The major projections of these tonically active GABAergic pallidal neurons are therefore both to critical brainstem motor areas and other potential intrabasal ganglia nuclei that may, through reciprocal connections, influence the level of pallidal activity ( Figure 2G ). Together with physiological data and the previous data showing that the projection neurons in this area are GABAergic [13] [14] [15] , this suggests that the pallidal nucleus may be responsible for the tonic inhibition of motor regions that is observed in lamprey [13, 14] 
Separate, Intermingled Pallidal Populations Project to Each of the Motor Areas and the Subthalamic Region
In order to test whether separate pallidal populations could select actions by independently disinhibiting each of the motor regions, we explored whether the pallidal populations The following abbreviations are used: DLR, diencephalic locomotor region; DP, dorsal pallidum; DPal, dorsal pallium; EmTh, eminentia thalami; Hb, habenula; Hyp, hypothalamus; LPal, lateral pallium; MLR, mesencephalic locomotor region; MPal, medial pallium; och, optic chiasm; OT, optic tectum; ot, optic tract; PPN, putative pedunculopontine nucleus; PT, pretectum; sfgs, stratum fibrosum et griseum superficiale; sgc + s''a''c, stratum griseum centrale + stratum ''album'' centrale; sgp, stratum griseum periventriculare; SNr, substantia nigra pars reticulata; sop, stratum opticum; STN, subthalamic nucleus; Str, striatum; Th, thalamus; TSC, torus semicircularis.
projecting to each of these areas arose from distinct subpopulations. Injections in the optic tectum, MLR, DLR, and the subthalamic region resulted in retrogradely labeled neurons in the pallidum (Figures 3A-3L ; n = 13, 6, 6, 7). Dual injections in two of these motor regions at a time never resulted in doublelabeled pallidal neurons, suggesting that the pallidal populations that project to one motor region were separate from those projecting to another motor region (Figures 3A-3I ; n = 3 each). The same is true for the population of pallidal neurons that project to the subthalamic region; these were distinct from those that project to the optic tectum ( Figures 3J-3L, n = 3 ). This suggests that multiple intermingled parallel pathways through the pallidum could independently regulate each motor area ( Figure 3M ).
Anatomical and Electrophysiological Evidence for a Lamprey Subthalamic Nucleus
The reciprocal connections between the pallidum and neurons in the subthalamus suggest that a component of the indirect pathway, the subthalamic nucleus, may be present in lamprey. Neurons in the lamprey subthalamus, retrogradely labeled following an injection in the pallidum ( Figure 4A ; n = 3), were all immunoreactive for glutamate ( Figures 4B and 4C) , suggesting that this nucleus may have an excitatory influence on pallidal projection neurons as it does in the mammalian species. In contrast, retrogradely labeled neurons located closer to the thalamus did not express glutamate. Neurons in the subthalamic region were located in prosomere 4 of the lamprey prosomeric map ( Figure 4D ; see [26] ), the same developmental location as the avian and mammalian subthalamic nuclei [18] .
Both in vitro and in vivo mammalian subthalamic neurons exhibit spontaneous activity and postinhibitory rebound (PIR) spikes and a voltage sag in response to membrane hyperpolarization [27] . To address whether these characteristics were also observed in lamprey subthalamic neurons, we performed loose-patch (n = 2) and whole-cell (n = 6) patch clamp recordings, with one neuron recorded in both configurations. All recorded neurons were tonically active; in loose patch, the recorded neurons showed instantaneous frequencies ranging from 2.8 to 26.3 Hz (Figure 4E ), recorded over several minutes. Maximum firing frequency, induced by depolarizing current pulses, was 20.3 6 2.1 Hz when averaged over 1 s ( Figure 4G ) and with a maximum instantaneous frequency of 45.5 Hz, measured over the first interval. Upon strong depolarization, neurons either ceased firing after hundreds of milliseconds or fired with distinct pauses (see bottom trace in Figure 4G ). In addition, all cells exhibited PIR action potentials following hyperpolarizing pulses and displayed a pronounced voltage sag presumably mediated by an I h current (a hyperpolarization-activated cation current) (Figure 4H) . Together, these results suggest that even anamniote vertebrates have a nucleus molecularly, physiologically, and anatomically homologous to the mammalian subthalamic nucleus ( Figure 4I ).
Substance P and Enkephalin Immunoreactive Striatal Neurons Project to the Pallidum
If an indirect pathway exists in lamprey, as the presence of a subthalamic nucleus suggests, then there should be two separate populations of medium spiny neurons (MSNs) that express either enkephalin or substance P. Immunohistochemistry revealed that striatal neurons retrogradely labeled from the putative pallidum ( Figures 5A and 5E ) were immunoreactive for substance P or enkephalin ( Figures 5B-5D , n = 3; Figures 5F-5H, n = 3). The substance P immunoreactive neurons were located in the rostral striatum and arranged in a tight cluster ventral to the striatal band, which is in accordance with previously published data [28] . In contrast, the enkephalin immunoreactive neurons were observed more caudally and were mainly confined to the striatal band (see Figure S1 available online). This topographic segregation in populations has not been observed in other species [5] and may indicate that each population develops in different domains before migrating, in jawed vertebrates, to form an intermingled population. Double staining for substance P and enkephalin showed that there was no overlap in the immunofluorescence in the pallidum (Figures 6A and 6D ). This suggests that the substance P-and enkephalin-expressing striatal neurons form distinct populations and may form the input layers of the direct and indirect pathways.
Substance P and Enkephalin Fibers Differentially Contact Separate Pallidal Projection Neurons
To test whether the substance P-and enkephalin-expressing striatal neurons contact separate pallidal subpopulations associated with the direct and indirect pathways, we retrogradely labeled pallidal neurons from either the putative subthalamic nucleus ( Figure 6B ; n = 3) or the optic tectum ( Figure 6E ; n = 4). The subthalamic projecting neurons were mainly contacted by enkephalin immunoreactive fibers, and 87% 6 11% of all putative contacts were immunoreactive for enkephalin (Figures 6A and 6C ; n = 9). This arrangement closely mimics the mammalian organization because there is a predominant indirect (enkephalin-GPe-STN) pathway [22] . In contrast, neurons projecting to the optic tectum were predominantly contacted by substance P immunoreactive fibers (80% 6 13%). The processes and somata of these neurons were peppered with numerous substance P putative synaptic contacts (Figures 6D and 6F ; n = 12) as with the direct (substance P-GPi-motor areas) pathway. Despite the different pallidal subpopulations being intermingled in one pallidal nucleus, it appears that the predominant functional arrangement of direct and indirect circuits is present even in the phylogenetically oldest group of vertebrates ( Figure 7) . As in mammals, this functional arrangement is complicated by the fact that ''direct'' or ''indirect'' projecting MSNs contact both GPe-like and GPi-like neurons [29, 30] ; consequently, crosstalk between these pathways, at the pallidal level, is also a conserved feature of the basal ganglia.
Discussion
Our results show that in contrast to a sequential theory for the evolution of the basal ganglia, all of the major components of the basal ganglia including the striatum, an intermingled GPi and GPe, and a STN exist in the phylogenetically oldest group of vertebrates. Our results suggest that these nuclei, interconnected through direct and indirect pathways, represent evolution's blueprint for the vertebrate basal ganglia and form a core network that potentially, as was hypothesized, evolved as the vertebrate solution to how to select actions [4] . We propose that during evolution, this processing unit has been reused to perform the same computations for different kinds of motor, emotional, and cognitive information, serving as a core selection architecture in the mammalian parallel loops. By changing the input and output of this ancestral architecture and processing different modalities, each loop (functional module) will develop a different functional consequence. Selective activation of the limbic module, for example, has recently been shown to select the preference for reward, whereas the motor module is known to select actions [31, 32] . In evolution, the reuse of an existing feature for a new function has been termed ''exaptation'' [33] , and our results suggest that this process together with the classical adaptation has played a major role in shaping the evolution of the vertebrate brain.
The current study provides the first direct evidence that the pallidum exists in a jawless vertebrate. Our data suggest that it is homologous to an intermingled GPi and GPe, based on connectivity, molecular expression, and electrophysiological properties, as already concluded in the Results. In contrast to our current results, previous developmental studies claimed that lamprey was unlikely to have a pallidum as a result of the lack of Nkx2.1 expression in the ventral telencephalon [8, 9] . One explanation for why Nkx2.1 was not observed in the ventral telencephalon is that the expression of Nkx2.1 occurs later in this area than at embryonic day 26, which was tested. This is likely, because the GABAergic neurons in the forebrain, which during development also rely on the expression of Nkx2.1, do not appear in lamprey until later in development in the larval stages [12] . This transcription factor is also crucial for the development of striatal and cortical interneurons [34] , and these have been observed in lamprey, including the cholinergic interneurons, neurons resembling the fast spiking interneurons, and GABAergic neurons in the pallium [25] (SfN abstract, J. Ericsson et al., 2010) . Together with the evidence that we provide here, it would appear either that the pallidum and striatal interneurons that rely on the expression of Nkx2.1 are present in lamprey and have developed under different transcriptional control or, more likely, that the pallidum differentiates later in development than in other vertebrates.
The pallidal arrangement that we show here with substance P and enkephalin neurons projecting to an intermingled GPi and GPe is likely to be present in other nonmammalian vertebrates. This organization has previously been demonstrated in birds [18] , whereas in reptiles, lungfish, sharks, and amphibians, substance P and enkephalin fibers innervate the entire pallidum instead of separate nuclei, but in these species, a subdivision of the GPi and GPe pallidal populations remains to be demonstrated [35] [36] [37] [38] . The arrangement of the mammalian pallidum differs from other vertebrates because the substance P and enkephalin neurons predominantly project to separate nuclei, the GPi and GPe, respectively [39] . Despite this gross morphological change, our data suggest that the functional arrangement of direct (striatum [substance P]-GPi-motor areas) and indirect (striatum [enkephalin]-GPe-STN) pathways appear to be conserved in jawless vertebrates. Our results suggest that the indirect pathway is an integral part of all vertebrate basal ganglia and evolved before jawed and jawless vertebrates diverged over 560 mya [21] . An additional feature of the basal ganglia in other vertebrates is a secondary parallel direct pathway through the basal ganglia, culminating in the substantia nigra pars reticulata (for review see [5] ). This dual-output nucleus is also likely to have been part of the ancestral basal ganglia because data suggest that a homolog of this nucleus is also present in lamprey (SfN abstract, M. Jones et al., 2009; FENS abstracts, J. Ericsson et al., 2010; B. Robertson et al., 2010) . The evidence for a lamprey homolog of this nucleus will be presented in a forthcoming study (M.S.-J., E.S., B.R., and S.G., unpublished data). A limited number of GABAergic projection neurons are also present in the ventrolateral pallium that target MLR but not tectum [13, 15] . It was inferred by Pombal et al. [7] that these cells might receive projections from striatum, and consequently be in a pallidal nucleus, but this has yet to be confirmed. In contrast to this view, cells in the same area provide input to striatum, as does the pallium in other vertebrates [7] .
Functionally, as mentioned in the Introduction, the basal ganglia are known from computational, physiological, and behavioral data to play an important role in action selection [4, [40] [41] [42] [43] . In mammals, the direct pathway has been shown to induce actions by reducing the tonic inhibitory output of the pallidal output nuclei (GPi/SNr) [3, 31] . In contrast, the indirect circuitry, when selectively activated, suppresses actions by increasing the inhibition of thalamic and brainstem motor areas [31] . As a result of their tonic activity and inhibitory projections to brainstem and diencephalic locomotor regions, the GPi-like neurons are good candidates for providing the tonic inhibition of motor areas that is observed in lamprey [13, 14] . In addition, removal of this inhibition has been shown to either induce actions or significantly lower the threshold for initiation [13, 14] . This suggests that the anatomical architecture may also function in a similar way to mammals because altering the level of inhibition through the direct or indirect striatal projections should either increase or decrease the inhibition on motor areas and select or suppress actions.
Although the circuitry may be conserved, the behavioral impact of the basal ganglia depends on its input and output connections. In lamprey, we show that the majority of basal ganglia output is directed toward brainstem motor areas, including the optic tectum, pretectum, MLR, and DLR. This suggests that the basic function of the basal ganglia is to influence the selection of actions from brainstem motor areas. In the mammalian species, the simplified direct and indirect circuitry has been suggested to control limbic and associative functions in addition to motor selection [32, 44, 45] . These different modalities are thought to be processed in homologous parallel loops (functional modules), each of which contain the same direct and indirect circuitry [39, 46] . Because we now show that this core circuitry is likely to have been present in the common ancestor of all vertebrates it suggests that during evolution, each of the modules has arisen from a replication of the ancestral architecture and that the input and output of this core computational unit has changed rather than the internal organization of the circuitry. As a result of this, we propose that during evolution, these circuits have been coopted, through a process of exaptation, to serve multiple functions through homologous parallel repeats of this architecture.
Even though our data suggest that the basal ganglia evolved mainly through exaptation, we do not rule out the possibility that additions to this core architecture may have arisen through adaptation. Possible additions may have occurred at the microcircuit or cellular level, especially in the striatum where the types and the electrophysiological properties of neurons have been shown to be diverse in mammals [47, 48] and to differ from nonmammalian species [49] .
These striking results show that the detailed basal ganglia circuitry found in mammals had already emerged in the phylogenetically oldest group of vertebrates. It has thus been conserved, most likely as a common mechanism for action selection, in all vertebrates, from lampreys to primates. The presence of the complete basal ganglia circuitry in all vertebrates suggests that this architecture may have evolved before vertebrates and invertebrates diverged. Although the composition of any such invertebrate system remains to be elucidated, recent work has suggested that the central complex may play a similar function to the basal ganglia in Drosophila [50] . This raises the intriguing possibility that the basal ganglia may be present as a common mechanism for selection in all animals with bilateral symmetry, and not just in vertebrates.
Our data challenge the classical view that brains have evolved from simple to complex through sequential adaptation. Our results indicate instead that the complexity of mammalian brains at least in part has evolved through multiplication and functional reuse of existing ancestral circuits, a process that is also thought to have occurred in other areas of the brain including the hindbrain [51, 52] . This process of functional reuse of an existing feature is known in evolutionary biology as exaptation, and our results suggest that this has been an important process in the evolution of the brain.
Experimental Procedures
Experiments were performed on a total of 53 adult river lampreys (Lampetra fluviatilis). For ethical committee approval and guidelines adhered to, see Supplemental Experimental Procedures.
Anatomy
The dissection, injections, fixation, and sectioning of the lamprey brains for anatomical experiments were performed as previously described ( [53] ; see also Supplemental Experimental Procedures). Injections of Neurobiotin (Vector; 20% in distilled water) or Alexa Fluor 488-dextran 10 kDa (12% in distilled water; Molecular Probes Europe BV) was pressure injected unilaterally into the medial pallium (n = 9), striatum (n = 6), subthalamic nucleus (n = 7), optic tectum (n = 12), MLR (n = 6), and DLR (n = 6).
Immunohistochemistry
Primary antibodies immunoreactive for substance P, enkephalin, parvalbumin, GABA, and glutamate were used. Sections were subsequently incubated with different secondary antibodies (1:500; Jackson Immunoresearch) and Neurotrace (1:500; Molecular Probes); see Supplemental Experimental Procedures for details of primary and secondary antibodies used.
Electrophysiology
Slices for electrophysiological recordings were made as previously described ( [54] ; see also Supplemental Experimental Procedures for details). Anatomical landmarks (eminentia thalami and optic tract) or retrograde labeling was used to identify neurons in the pallidum for whole-cell (n = 13) and loose-patch recordings. Retrograde labeling from the pallidum was used to identify neurons in the subthalamus (n = 7).
Supplemental Information
Supplemental Information includes one figure and Supplemental Experimental Procedures and can be found with this article online at doi:10. 1016/j.cub.2011.05.001. [7] . (C) Schematic section of a mouse brain offering a comparison to lamprey for the topographic location and known mammalian basal ganglia connectivity. The following abbreviations are used: DA, dopamine; DP, dorsal pallidum; Enk, enkephalin; EP, entopeduncular nucleus; GP, globus pallidus; GPe, external segment of the globus pallidus; GPi, internal segment of the globus pallidus; Hb, habenula; ntp, nucleus tuberculi posterior; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; SP, substance P; STN, subthalmic nucleus; Th, thalamus.
